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Prominent KK¯ resonances observed in the in-flight annihilation of p¯p into K+K−π0 include f2(1270), f0(1500), f ′2(1525), φ(1680)/ρ(1700)
and a state at 1750 MeV/c2 consistent with f0(1710). The reaction cross sections σ(p¯p → X(K+K−)π0) are obtained by means of a partial wave
analysis. When these are combined with known KK¯ partial widths, the resulting production rates of presumably non-nn¯ states, X = f0(1710)
and f ′2(1525), are found to be suppressed by an order of magnitude compared to f0(1500) and f2(1270), respectively.
© 2006 Elsevier B.V.
PACS: 13.25.Jx; 13.75.Cs; 14.40.Cs
Open access under CC BY license.Protonium annihilation into kaonic channels provides a two-
sided selectivity in production and decay of intermediate reso-
nances. In accordance with the quark line rule, ss¯ resonances
are suppressed in the annihilation process as compared to nn¯
(n = u or d). On the other hand, KK¯ decay branchings empha-
size the ss¯ content of resonances. Although deviations from the
quark line rule are observed in some cases, it is still a useful tool
to systemize production and decay of resonances (see [1–5]).
Recent studies of annihilation into K+K−π0 were per-
formed with stopped antiprotons [6–8]. Here we present a
study of the in-flight annihilation p¯p → K+K−π0. Using
p¯ momenta of 900 and 1640 MeV/c, we have extended
the mass range available for the K+K− system to 1.95 and
2.14 MeV/c2, respectively. Isoscalar and isovector resonances
with JPC = 0++,1−−,2++, . . . are allowed for K+K−. Of
particular interest is the mass range around the former
“fJ (1710)” where a J = 0 resonance was observed with
mass from 1700 to 1790 MeV/c2 in different production
processes [9]. Its large KK¯ decay branching ratio observed in
central production [10,11] led to the suggestion of a dominant
strangeonium character [12,13], although a glueball interpreta-
tion is not excluded [14].
The data were collected with the Crystal Barrel detector [15]
at the low energy antiproton ring (LEAR) at CERN. The beam,
with an intensity of 3 × 105 s−1, was defined with a silicon
counter telescope in front of the target. Antiprotons that passed
through the liquid hydrogen target of 4.4 cm length without
annihilating were vetoed by a scintillation veto counter down-
stream of the target. Charged particles emerging from the target
were detected by a silicon-strip vertex detector [16] and a cylin-
drical jet drift chamber (JDC) with 23 layers. The JDC was sur-
rounded by a barrel-shaped electromagnetic calorimeter, seg-
mented into 1380 crystals, covering fully the range of polar
angles from 12◦ to 168◦. A 2-prong trigger was applied for
data recording, demanding a start signal from the beam counter
telescope in anticoincidence with the veto counter, a charged
particle multiplicity of 2 or 3 in the silicon vertex counter and a
multiplicity of 2 in the JDC middle layers 9 and 10.
Special care was taken in extending detector calibrations es-
tablished for annihilation at rest [15] to the ranges relevant for
annihilation in flight. The energy calibration of the calorime-
ter was fine-tuned in the range above Eγ ≈ 1 GeV by means of
Monte Carlo simulation of electromagnetic showers. A linear
relation between photon energy and the summed signal height
from clusters of 9 crystals was found and confirmed by compar-
ison to experimental data for the two-body channel p¯p → ηπ0at 1642 MeV/c [17,18]. The calibration of the z-coordinate
(along the beam axis) of the JDC, as measured by charge di-
vision to the wire ends, was established by comparison to the
entry points of tracks in the crystal barrel. This procedure was
checked by reproducing the ω mass in the annihilation channel
p¯p → ω(→ π+π−π0)π0 [17,18].
The data samples of 18.8 × 106 and 12.4 × 106 two-prong
events recorded at p¯ momenta of 900 and 1642 MeV/c were
subjected to the following off-line preselection:
(i) Exactly two long tracks with total charge zero were re-
quired, both beginning in the inner three JDC layers. Only
tracks with hits in at least 10 layers and with a successful helix
fit (χ2/dof < 1.5) were accepted.
(ii) Exactly two separable particle energy deposits (PEDs), not
matching a charged-particle trajectory, were required in the
electromagnetic calorimeter. A PED was defined by a local
maximum with more than 13 MeV energy deposit within a
cluster of crystals each having more than 1 MeV energy de-
posit. Merged clusters were treated as in Ref. [19]. Secondary
PEDs from interactions in the detector were suppressed [18,19].
PEDs centered in a crystal adjoining the beam line were not ac-
cepted for the 900 MeV/c data set but were accepted for the
1640 MeV/c data set, where the energy calibration was appro-
priately adapted.
(iii) Soft cuts were imposed in the mγγ spectrum on the π0
signal and in the energy/momentum plane where the exclusive
K+K−γ γ events form a distinct intensity maximum (see [7]).
The remaining samples of 60 × 103 and 15 × 103 events, re-
spectively, were subjected to a 5C kinematic fit with confidence
level (CL) > 0.1 for the hypothesis p¯p → K+K−π0(2γ ). The
direction cosines of the photons were calculated from the an-
nihilation vertex. The main background of events fitting the
hypotheses π+π−γ γ (4C) and π+π−π0 (5C) was rejected
by requiring a CL > 0.01 for these alternative hypotheses, re-
moving 0.2% and 10% of the remaining events at 900 and
1642 MeV/c, respectively. The finally selected samples con-
tain 15036 and 4271 events, respectively. As in our study of the
same channel for annihilation at rest, the final sample appears
to be practically free of background [7]. The contribution from
residual pions in a dE/dx vs. momentum plot was negligible
after all cuts.
The acceptance of the detector and of the selection cuts were
determined from high statistics Monte Carlo simulations us-
ing the GEANT program [20] with an updated version of the
FLUKA package for a realistic description of kaon–nucleus in-
teractions at low momentum [21]. The acceptance distribution,
Crystal Barrel Collaboration / Physics Letters B 639 (2006) 165–171 167Fig. 1. Dalitz plots of the final samples of 15036 events from p¯p → K+K−π0 at 900 MeV/c p¯ momentum (a) and of 4271 events at 1642 MeV/c (b). The data
are not acceptance corrected and are binned with cell size 60 MeV2/c4 × 60 MeV2/c4 (a) and 80 MeV2/c4 × 80 MeV2/c4 (b). The symbol area is proportional to
the number of events. The arrows indicate the positions of m(K+K−) = 1020(A), 1275(B), 1500(C), 1710(D) and 1950(E) MeV/c2. The prominent vertical and
horizontal bands arise from K∗+(890) → K+π0 (and CC).
Fig. 2. Invariant mass distributions of the data at 900 MeV/c. The shaded histograms represent the best fit. For comparison, a basic fit (dashed, see text) is shown in
the left panel.taken into account in the partial wave analysis, is rather flat
over most of the kinematically allowed region, but decreases
significantly for m(K±π0) approaching its upper limit. The
acceptances for phase space distributed K+K−π0 events are
8.2% and 7.6% at 900 and 1642 MeV/c, respectively.
Absolute cross sections were determined by normalizing to
the known cross sections for the 2-body channels p¯p → π+π−
and K+K− [22] which are present in the initial 2-prong data
samples. The angular distributions for these channels are in
perfect agreement with Ref. [22] in the range used for nor-
malization (−0.4 < cos θcm < +0.4). The following total cross
sections (integrated over all angles) are obtained for the present
channels:
σ
(
900 MeV/c p¯p → K+K−π0)= (347 ± 37) µb,
σ
(
1642 MeV/c p¯p → K+K−π0)= (200 ± 25) µb.
The Dalitz plots are presented in Fig. 1. Salient features
are the vertical and horizontal K∗ bands and a series of di-
agonal bands suggestive of K+K− resonances. These include
the φ(1020) and f2(1270) and two prominent groups around
1500 MeV/c2 and 1700 MeV/c2. While at the lower in-
coming momentum the latter interferes with the crossing of
two K∗ bands, it is well separated at the higher incomingmomentum. Small asymmetries about the diagonal in these
not acceptance-corrected intensity distributions arise from for-
ward/backward asymmetries in the production of K±π0 reso-
nances. The prominent resonance structures are also visible in
the projections on the three invariant mass axes (Figs. 2 and 3).
Note that the center of the prominent upper peak in the K+K−
spectrum moves from 1660 MeV/c2 to 1740 MeV/c2 when the
energy of the incoming proton is increased.
The data are analyzed in terms of transition amplitudes for
p¯p annihilation via intermediate two-body states Xπ0 or YK±
with X decaying to K+K− and Y to K∓π0. A full partial wave
analysis would include independent amplitudes for each spin
component (λ) and production angular momentum (L) of every
resonance, independently for the p¯p singlet and triplet states.
Angular momenta up to L = 5 are estimated to contribute at
1640 MeV/c, yielding 22 initial states for each isospin, I = 0
and I = 1. To avoid the prohibitively large set of fit parameters,
a simplification has been introduced and successfully applied
[23,24]; it abandons information on resonance production but
keeps information on decay. This is achieved by integration
over production angle.
For each event, 4-vectors are subjected to a Wick rotation
[23]. It yields new polar and azimuthal angles α and β , with re-
spect to the beam direction, for decay vectors in the center of
168 Crystal Barrel Collaboration / Physics Letters B 639 (2006) 165–171Fig. 3. Invariant mass distributions and best fit (shaded histogram) at 1642 MeV/c. For comparison, a re-optimized fit excluding the K+K− resonance at
1750 MeV/c2 is shown in the left panel (dashed histogram).mass of each resonance X and Y . Their spins J are determined
from angular distributions using Breit–Wigner resonance am-
plitudes
(1)f λi (m) = αλi Y λJ (α,β) ·
Γ0BL
m2 −m20 − im0Γ (m)
,
including a barrier penetration factor BL (see Ref. [24] for de-
tails). The complex coupling constants αλi are independent for
different values of the spin component |λ|, with the beam as
quantization axis. In agreement with Ref. [23], contributions
with |λ| > 1 are found to be insignificant and are neglected. The
phase of αλi may be different for |λ| = 0 and 1 in the present
analysis, in contrast to Refs. [23,24]. To account approximately
for the dependence on production angle θ , amplitudes are mul-
tiplied by a factor
(2)P(θ) = 1 + p1 · cos θ + p2 · (cos θ)2,
with p1 = 0 for neutral resonances Xi(→ K+K−) from C-
parity conservation. The introduction of P(θ) improves the fit
quality for all charged resonances Yi(→ K±π0). For neutral
resonances some weak improvements were found. Allowing
for |λ|-dependent production parameters pi the results of the
partial wave analysis did not change significantly. The corre-
sponding effects on the resonance yields were found to be small
and were taken into account in error estimates.
The contributions of different resonances to the cross sec-
tion after integration over production angle are not completely
coherent, such that in the case of two resonances
(3)σλ(α,β) = ∣∣f λ1 ∣∣2 + ∣∣f λ2 ∣∣2 + 2cλ1,2 Re(f λ1 f λ∗2 ).
The coherence parameter cλ1,2 is in the range from 0 (no coher-
ence) to ±1 (full coherence). Coherence between partial waves
with different L for f1 and f2 is lost by the integration over
production angle. Only interferences of components with the
same L remain. Hence a given resonance may contribute with
different phase to the interference with different resonances in
the present analysis, in contrast to the approximate treatment in
Refs. [23,24]. The coherence parameters are freely fitted, but
only a few are finally significant. Interferences of states with
different λ are assumed to average to zero in the integration
over all angles [23,24]. Tests for prominent resonances yielded
no significance for such interferences. In summary, the presentanalysis of in-flight data resembles a conventional Dalitz plot
analysis of data at rest with the important difference that over-
lapping resonances are only partially coherent.
Fits are made with the unbinned maximum likelihood
method, minimizing S = − lnL. The acceptance distribution
enters via the Monte Carlo calculation of the likelihood normal-
ization (see e.g. Ref. [25]). From χ2 tests of the fit, we find that
S = 0.5 is significant, corresponding to one standard devia-
tion, when only resonance mass or width are varied. Comparing
fits with and without an additional resonance, we find with well
known resonances that well defined peaks of S as a function of
mass and width with S > 10 and > 4 are significant in the
900 MeV/c and 1642 MeV/c data, respectively.
A basic fit at 900 MeV/c includes only the following chan-
nels:
p¯p → π0X(→ K+K−),
X = φ(1020), f2(1275), f0(1500)
and
p¯p → K±Y (→ K∓π0),
Y = K∗(892), K∗0 (1430).
Breit–Wigner resonance parameters from the PDG [9] are used
and interferences are ignored at this step. The fit is clearly in-
sufficient and accounts only for the gross structure of the data
(Fig. 2, dashed histogram).
The model space was successively extended to include all
known resonances [9] allowed by conservation laws. The freely
fitted masses and widths of all states required by the final fit are
listed in Table 1. The agreement with the parameters of known
resonances [9] is good and their spins are recovered by spin
tests [18], thus supporting the present model approach to in-
flight data. Resonances that were tried but not required by the
fits at both incoming momenta include K1(1400), K2(1430),
f0(1370), f2(1565), ω(1420), ρ(1450), ρ3(1690) contributing
less than 0.5% and a0(1450) contributing less than 1.5% of to-
tal intensities (one standard deviation upper limits). Additional
incoherent phase space contributions turned out to be insignif-
icant. The statistical significance of a resonance can be judged
from the change in log likelihood when this resonance is omit-
ted and all other amplitudes are re-optimized (Table 1).
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Results of partial wave analyses for p¯p → K+K−π0 at (A) 900 MeV/c and (B) 1642 MeV/c. The yields are obtained with all resonance parameters replaced by
the PDG values [9], except for the f0(1710) and f2(1940). Since interferences are omitted, contributions do not add up to 100%. The changes of the log likelihood
are obtained by dropping a given resonance and re-optimizing the remaining amplitudes. Errors are statistical only, corresponding to a reduction of lnL by 0.5.
Yields are estimated to be uncertain by up to 20%
Resonance Mass (MeV/c2) Width (MeV/c2) Yield (%) (lnL)
(A) (B) (A) (B) (A) (B) (A) (B)
K∗(892) 892±0.5 897±2 56±2 51±2 44.3 24.3 2528 389
K∗0 (1430) 1424±19 1412a 294a 294a 29.3 23.7 395 120
K∗1 (1680) 1717a 322a 1.4 17
φ(1020) 1019±0.5 1019±0.5 < 9 < 9 2.0 4.8 265 210
f2(1270) 1288±9 1262±10 170±21 143±25 8.8 6.4 45 49
a2(1320) 1324±7 1340±14 127±25 88±31 6.2 2.5 13 8
f0(1500) 1495±4 1496±6 121±8 106±14 33.3 17.1 126 40
f ′2(1525) 1513±4 1533±5 76±6 70±17 16.3 10.5 100 13
f2(1640)b 1640±5 44±9 1.9 12
φ/ρ(1680) 1700±8 1678±7 143±24 99±40 7.6 (15.5)c 161 15
f0(1710) 1750±13 148+40−30 5.2 57
f2(1940)b 1941±18 120±40 3.3 5
a Fixed [9]. No optimum fit value in scanning at the present phase space limits.
b Tentatively introduced resonances (see text).
c Including undistinguishable contributions from tensors.We first discuss contributions beyond the basic fit at
900 MeV/c. In the present channel, KK¯ isospins I = 0 and
1 are both allowed. The fit succeeds to separate the contribu-
tions of f2(1270) and a2(1320) due to their different positions
and widths. These are the only resonances for which the rela-
tive rates are significantly affected by the explicit introduction
of their dominant decay channels in Eq. (1), using the corre-
sponding expression for Γ (m) given in Ref. [24].
The presence of f ′2(1525) is evident from the change in
structure of peak “C” as compared to the basic fit (Fig. 2, left
panel). This is mainly due to the interference of f0(1500) and
f ′2(1525). As compared to a fit omitting this interference, the
gain in likelihood is  lnL= 70 with 2 additional parameters.
The data also indicate the presence of at least one K+K−
resonance in the 1600–1700 MeV/c2 region. Spin tests show
a clear preference for J = 1 (Fig. 4(a)). The resonance pa-
rameters are consistent with the two well-known [9] vector
mesons φ(1680) and ρ(1700) which cannot be distinguished.
Scans for an additional resonance in this region indicate a
weak contribution from a narrow tensor on the lower mass side
of the vector with mass and width in accord with the reso-
nance candidate f2(1640) [9]. However, the evidence depends
on the parametrization of the vector resonance and is there-
fore considered as non-decisive. When additional resonances
at m  1700 MeV/c2, in particular the f0(1710), were intro-
duced, fits did not converge. Probably the reflection of the
K∗±(892) crossing prevents the detection of weak K+K− res-
onances in this range, in contrast to the 1642 MeV/c case dis-
cussed below.
The following interferences of resonances are significant
((lnL) > 3 per additional parameter) and kept in the final
fit: K∗ × K∗0 , K∗0 × K∗0 , K∗ × f2(|λ| = 1), K∗ × f ′2(|λ| = 1),
K∗0 × f2, f0(1500) × f ′2, (ρ/φ) × K∗0 . Their coherence coeffi-
cient is found to be large (cλi,j > 0.7, Eq. (3)). Additional non-
significant interferences were found to affect resonance yields
only within errors.The final fit at 900 MeV/c uses 37 parameters for the res-
onance amplitudes in Table 1. The agreement with the data is
satisfactory (Fig. 2). A χ2 test was performed using 1000 bins
within the Dalitz plot phase space limits. Variable bin sizes
were chosen such that ∼ 16 events are contained in each bin.
The resulting χ2/dof amounts to 1.388 for the final fit and, for
comparison, to 2.014 for the basic fit.
The data at 1642 MeV/c were analyzed in the same man-
ner. Comparing the independently fitted resonance parameters
in Table 1 we find gratifying agreement. As an additional
Kπ resonance, the K∗1 (1680) contributes weakly. The tensors
f2(1270), a2(1320) and f ′2(1525) require the same treatment
as above. The latter is again identified by virtue of its interfer-
ence with f0(1500) and shows up clearly in mass and width
scans (Fig. 4(b)). At 1700 MeV/c2 equivalent peaks are found
in mass scans for spin 1 and 2 which cannot be disentangled
here.
The presence of an additional state around 1750 MeV/c2 is
apparent when the data are compared with a fit without it, where
all other parameters are optimized (Fig. 3, left panel). In con-
trast to the best fit, the K+K− spectrum is badly reproduced in
the range from 2.6 to 3.4 (GeV/c2)2. Well-defined peaking is
displayed by lnL as a function of mass and width (Fig. 4(c)).
Spin J = 0 is preferred by  lnL = 6 over J = 2 which re-
quires one more parameter. This spin distinction is mostly due
to the interference with K∗0 (1430). When |λ|-dependent pro-
duction parameters pi (see above) are admitted for J = 2, its
likelihood does not increase significantly as compared to J = 0.
The observed preference for JPC = 0++ is in agreement with
the PDGs spin assignment to the f0(1710). Mass and width
are in agreement with the KK¯ Breit–Wigner resonance para-
meters of previous experiments [9]. Its yield is only weakly af-
fected when an a2(1700) or ρ(1700) or a broad f0(1770–1790)
[26,27] are added to the model space of Table 1.
The presence of a K+K− resonance at 1940 MeV/c2 is
suggested by likelihood scans, but with (lnL) = 5 for two ad-
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Fig. 4. Variation of the lnL with mass and width of a vector resonance around 1700 MeV/c2 in the 900 MeV/c data (a), a tensor resonance around 1530 MeV/c2
(b) and a scalar resonance around 1750 MeV/c2 (c), both in the 1642 MeV/c data. All other amplitudes of the final fit (see Table 1) are re-optimized in these scans.
Scans for alternative spins are shown for comparison in the middle and right panels.ditional parameters; there is tentative preference for J = 2. The
extracted width is narrower than proposed for the f2(1950) [9]
but would agree with the resonance candidate f2(1910) [9].
The final fit at 1642 MeV/c uses 22 parameters for the res-
onance amplitudes. Interferences are less important than for
900 MeV/c, which is probably due to the larger number of par-
tial waves. The fit includes the interference terms K∗ × K∗,
K∗0 × K∗1 (1680), f0(1500) × f ′2 and K∗0 × f0(1710) which
are significant ( lnL > 2) and have a large coherence coeffi-
cient (cλi,j > 0.7). A χ2 test was performed as above, but with
4 events per bin, yielding χ2/dof = 1.50.
Combined with the absolute cross sections for K+K−π0
given above, the yields in Table 1 lead to cross sections for the
specific resonance channels. In the case of K∗(892), cross sec-
tions at other incoming momenta are reported in previous work
on K0s K
±π±. These are in line with the present values, taking
the K∗ decay branchings into account:
σ
(
pp¯ → K∗±K∓)
= (447 ± 30) µb at 702 MeV/c [28],(460 ± 50) µb at 900 MeV/c (this work),
(210 ± 20) µb at 1200 MeV/c [29],
(147 ± 22) µb at 1642 MeV/c (this work).
A comparison of the annihilation cross sections for f ′2(1525)π0
and f2(1270)π0 and for f0(1710)π0 and f0(1500)π0 is of par-
ticular interest because of the supposed hidden strangeness of
the f ′2 and the f0(1710). Applying to the yields in Table 1 a
factor (ΓKK¯/Γ )−1 that takes the known [9] partial decay width
into KK¯ into account we obtain
Rexp
(
f ′2
f2
)
= σ(p¯p → f
′
2π
0)
σ (p¯p → f2π0)
= 0.096 ± 0.017 (900 MeV/c),
0.085 ± 0.020 (1642 MeV/c).
Correction for the difference in phase space by means of the
Vandermeulen factor [30] F = ρ(f ′π0)/ρ(f2π0) yields2
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(
f ′2
f2
)
= Rexp
F
= 0.105 ± 0.019 (900 MeV/c),
0.088 ± 0.021 (1642 MeV/c).
Smaller values, closer to the OZI expectation of Rcorr =
tan2(θ2++ − 35.3◦) ≈ 0.02 [9] for the quark model wave
function of the “strangeonium” 2++, were found for S-wave
annihilation at rest [2,6,8,31]. However, the above value at
900 MeV/c is compatible with Rcorr = 0.14 ± 0.055 obtained
for annihilation into ηηπ0 at the same incoming momentum
[32]. An intermediate value was derived for the 3P2 incoming
partial wave at rest [6,8]. Our results give clear evidence for de-
viations from the OZI rule in the in-flight annihilation. They
are in line with flavour mixing angles up to 20◦ suggested in a
p¯p resonance formation study [33]. Rescattering processes or
ss¯ admixtures in the proton were discussed as sources of such
deviations from the naive quark line picture (see e.g. [2,4,6]).
On the other hand, our result at 1642 MeV/c shows that the
strangeonium f ′2(1525) is still suppressed by an order of mag-
nitude compared to the f2(1270) over a large dynamical range,
covering 11 allowed I = 1 initial states with L 5.
In order to apply the same procedure to f0(1710) and
f0(1500) we adopt the values of (ΓKK¯/Γ ) from the PDG for
the latter and from the WA 102 studies of central production
[11] for the former state. With these assumptions the yields in
Table 1 correspond to the following ratio of cross sections at
1642 MeV/c:
Rexp
(
f ′0
f0
)
= σ(p¯p → f0(1710)π
0)
σ (p¯p → f0(1500)π0)
= 0.045 ± 0.015 to 0.07 ± 0.020,
Rcorr
(
f ′0
f0
)
= 0.05 ± 0.015 to 0.08 ± 0.025,
where the upper values correspond to the upper limit of
Γ4π/(Γππ + ΓKK¯ + Γηη + Γηη′) for the f0(1710) given in
Ref. [11] and the lower values to vanishing Γ4π .
A scalar KK¯ resonance consistent with our f0(1710) pa-
rameters was observed in J/Ψ radiative and hadronic decay
[34,35], in central production [10] and possibly in diffractive
processes where, however, the spin assignment was ambigu-
ous [9]. In annihilation at 900 MeV/c an ηη resonance with
J = 0 at 1770 MeV/c2 was extracted in one analysis [26] but
was not seen in a different analysis [32]. However, the former
ηη resonance was suggested to be different from the f0(1710)
but due to a broad (Γ = 220–270 MeV/c2) additional scalar
at higher mass [26,27]. There is no evidence for an additional
scalar KK¯ resonance in the present data.
A model for nn¯, ss¯ and glueball mixing was fitted to central
production data [12]. The resulting value of 〈f0(1710)|nn¯〉2/
〈f0(1500)|nn¯〉2 = 0.05 is in good agreement with the above
result, assuming that in annihilation these states are producedvia their nn¯ components. We conclude that the observed rela-
tive cross sections of f0(1710) and f0(1500), as well as those
of f ′2(1525) and f2(1270) fit into the systematics based on the
quark line picture, with dominant ss¯ and non-ss¯ character of
the respective upper and lower states.
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